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INVESTIGATION OF TURBINE OF MARK 25 TORPEDC POWER FPLANT
WITHE FIVE NOZZLE DESIGNS

By Jack W. Hoyt and Barry Kottas

SUMMARY

Efflciency investigations were made on the two-stage turbine
from a Mark 25 serlal torpedo to determine the performance of the
unit with five different turbine nozzles. The output of the tur-
bine blades was computed by analyzing the windage and mechanical -
friction losses of the unlit. A method was developed for measuring
the change in turbine clearances wlth changed operating condltions.
The turbine was found to be most efficient with & cast nozzle
having a sharp-edged inlet to the nine nozzle ports.

INTROLUCTION

Torpedoes operating on a combustion cycle require g high-
pressure-rabtlo gas turbine to dArive the propellers of the unlt.
Some types of rocket may employ simllar turbines to operate fuel
pumps. Both applications involve the extraction of meximum power
over & short time with minimum slze and welght of the power plant
and the fuel load. Becasuse of the need for information on tur-
bines of this type, at the request of the Buream of Ordnance, Navy
Department, an Investigetion is bhelng conducted at the NACA
Cleveland 1a'bora.tory of a two-stage turbine from en aerilal torpedo
to determine the performance of the unit under steady-state condi-
tions with varlous types of turbine nozzle and to compare the
effect of the nozzle designs on the over-all turbine efficiency.

A geries of five turbine nozzles was investigated to deter-
mine the effect of pressure ratlo, blade-Jet speed ratio, and
nozzle design on turbine efficiency. This investigatlon covered
a range of pressure ratioa from 8 to 20 and turbine speeds from
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6000 to 18,000 rpm with an Inlet-gas temperature of 1000° F and an
inlet-gas pressure of 95 pounds per square inch gage. The true
output of the nozzle-and-turbine-blade cambinations was determined
by evaluating the power losses of the turbine due to windage and
mechanical friction. A method was developed for measuring the
change in turbine clearances with changed turbine operating condi-
tions, and the effect of nozzle-wheel clearance on turbine effi-
ciency was Investigated. '

APPARATUS AND INSTRUMENTATION

Turbine. - The Mark 25 torpedo power plant is a two-stage
counterrotating impulse turbine with integral speed-reduction and
power-equalizing gearing. The power-output shafts are also counter-
rotating and operate at 0,099 turblne speed. A combining gearbox
was speclally deslgned for this lnstallatlion to convert the dual
rotation of the torpedo power-output shafta into single-direction
rotation.

A sketch of the nozzle-and-turblne-wheel assembly is shown in
figure 1. The gas expands through the partial-admission nozzles
and enters the forward turbine blades at supersonic relative
velocity. Because conslderable gas-veloclty energy is absocrbed
by the forward turbilne, the flow leaving the first rotor and enter-
ing the counterrotating rear wheel is subsonic. Although a small
amount of reactlon is employed in the rear turbine to extract
maximm ensrgy, the rear turbine 1s Included in this design meinly
to eliminate gyroscopic effects. The shroud-band dismeters of the
forward and rear turbine wheels are 11.000 and 11.320 inches,
reapectively.

Nozzles. - The high inlet-gas temperatures and pressures, the
high pressure ratios, and the low gas weight flows for this tur-
bine necessltate speclal care in the design and the construction
of the turbine nozzlea. The high pressure ratios in the nozzles
cause supersonic flow, and very small nozzle throats and partial
admission are necessary for low welght flow.

The nine-port nozzles (A, E, G, and H) have 90° nozzle-arc
gas admission, whereas the three-port nozzle F has 30° nozzle-arc
gas aédmission., Nozzles A and X are part of a series of nozzles
investigated under actual torpedo conditions at Massachusetts
Institute of Technology (reference 1). Nozzles F, G, and H are a
continuation of thls nozzle series.
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Nozzle A has rounded inlets to the nine rectanguler, converging-
diverging nozzle ports; the nlne nozzle throats are approximately
0.25 by 0.10 inch. The nozzle was produced by the precision lost-
wex casting method and has hand-filed nozzle ports.

The difficulty in manufacturing nozzles similar to nozzle A led
to the design of a nozzle thet could be more easily fabricated.
Nozzle E (fig. 2(a)) has resmed ports with rounded inlets. The
ports are cylindricel with no area divergence; the necessary expan-
sion takes place in the axial-clearance space bebween the nozzle
and the forward turbine buckets. The nine nozzle ports are approxi-
mately 0.163 inch in dismeter. Nozzle F 1s similar to nozzle E
except that the six ports nearest the gas inlet are blocked by a
welded plate, leaving only three porits In use. The nozzle ports
are also 0.163 inch in dismeter,

In order to provide a more favoreble flow profile amnd to pre-
vent the combustion gas from spilling ebove or below the forwaerd-
wheel blades, the shrouded nine-port nozzle G (fig. 2(b)) was
designed wlth the same nozzle dimensions as nozzle E but with a
shroud projecting axially 0.216 Inch from the oubtlet face.

Nozzle E (fig. 2{c)) was produced by refinement of both design
and casting technique to give more accuraste dimensional control and
a smoother nozzle surface. This nozzle has nine rectangular ports
with sherp inlet edges and throat slizes of approximately 0.25 by
0.10 inch.

Setup and instrumentation. - The setup used for thls investi-
gation 1s shown in figure 3. A 300-horsepower electric dynamomster
wes used to ghsorb the turbine output and to drive the turbine
during motoring runs. The dynemometer speed was measured with a
chronometric tachometer. DIDynemometer torgque measurements were made
with a scale having a range of 0 to 250 pounds.

Combustion gases abt a pressure of 95 pounds per sguare inch
gege weore furnished by a burmer using unleaded gasoline and alr.
The altitude exhaust at the turbine outlet was used to obtain the
desired range of pressure ratios across the turbine. The alir flow
was metered by a standsrd A.S.M.E, orifice in the inlet-air pipe.
The fuel flow was measured by meams of a calibreted rotameter.

Gas-stream temperatures were measured by triple-shielded
thermocouples of 0.50-inch outside diameter and 0.75 inck long.
The Inlet-gas temperabures were Haken by two thermocouples mounted
in the insulated inlet-gas pipe. Two thermocouples were located
in the exhaust cone 2 inches bshind the rear turbine wheel. Seven
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gtatic-pressure taps were placed on the outer heat-shield ring to
provide a pressure survey along the nozzle arc above the wheels in
order to evaluate the gas density around the turbine. Statlic and
total pressures were taken in the inlet- and outlet-gas pipes. In
addition, a total-pressure tube insensitive to yaw was mounted in
the exhsaust cone 2 inches behlnd the rear turbine whegl in the same
plane as the exhaust thermocoupls.

The turbine was modifled for long-duration efficiency runs by
removing the integral oil pump on the unit and installing an
external oil system with Ilnstruments to measure the oil tempera-
ture and the flow rate. Thermocouples were installed on the four
high-speed bearings to guard ageinst faillures by overheating of the
bearings. Thermocouples were also placed on the front and rear oll
geals nearest the turbine wheels to indicate any hot-gas leakage
past the seals into the turbine bearings. Sufficient temperature
measurements were taken on the aluminum housing and cover of the
unit to avoid operation above the safe-temperature limits of these
parts. Thermocouples were located on the stainless-gteel heat
shields to indicate the operating temperatures.

During runs to determine the change in axial nozzle-wheel
clearance and radial nozzle setting with operating conditions,
clearance Indlcators were installed on the turbine as shown in
figure 4. The method of operation of the axial-clearance indi-
cators 1s 1llustrated by figure 5. The gage at the left is shown
resting on a lug welded to the turbine nozzle. When the tip of
the gage 1s rotated 180° by turning the handle to the position
shown for the gage at the right, the tip is allowed to move past
the lug and touch the turbine wheel. The difference between the
dial-indicator readings with the indicator tip in the two posi-
tions 1s a measure of the clearance.

Precision. - The precision of the measurements was within
the followlng limits:

Alr flow, percent . . « ¢ ¢ ¢« « ¢ o o o o s o o 0 o o s o o o FO0
Torgue, Foob-poundd . « « ¢ o ¢ o o « o« o ¢« o s s ¢ ¢ ¢ o » « £0.15
Speed, TPM . . . o ¢ ¢ « s o ¢ o o o e o o o s s s ¢ s s s o« x5
Inlet-gas pressure, percent . . . « ¢ . . . ¢ ¢ . . o6 o o o £0.50

. @ c---n-oooc-oani0.0S

Pregsure, inches mercury .

FROCEIURE

The Investigatlon of the Mark 25 torpedo power plant was
divided into the following phases:

nweo N
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(1) Power runs to determine turbine efficiency and over-all
pexrformance

(2) Motoring runs to evaluste the windage and ‘mechanical
logses of the turbine unit for use in efficiency calculetions

(3) Clearance studies to find the true running clearance
between nozzles and turbine wheel

Power runs. - The over-all efficiency of the turbine power
plant and combining geer was determined from the power ocutput with
the various nozzles at several pressure ratios and turbine speeds
over the range of operation. With the inlet-gas conditions main-
tained at 95 pounds per square inch gage and 1000° ¥, the turbine
speed was varied from 6000 to 18,000 rpm at pressure ratios of 8,
10, 15, and 20. (Because of air-flow limitations, the maximum
pressure ratio obtained with nozzle H was 19.) The values of
povwer output obtained during these runs represent the oubput of
the turbine wheels with the windsge and the gear and bearing fric-
tion in the power plant subtracted.

Motoring runs. - The rotation losses of the turbine unlt due
to gears, bearings, and turbline disks were obtalned by motoring
the unlit with disks instead of the turblne wheels. The forward
and rear disks were 10.075 and 9.955 inches In diameter, respec-
tively, or exactly the same diameter as the root dlameters of the
turbine blades. The power regulred to motor these diske et speeds
from 6000 to 18,000 rpm and at different alr densities 1n the tur-
bine case represents the total power absorbed through mechanical
losses In the gears and the bearings and through windage of .the
turbine disks.

The motoring runs were then repeated with standard turbine
wheels with forward- and resr-wheel shroud-band dlameters of
11,000 and 11.320 inches, respectlively. The power then required
represents all the logsea of the disk unlt plus the air-pumping
of fect of the turbine blades. All motoring runs were made without
eilr flow through the turbine, the turbine nozzle being blocked.
Alr densities in the turbine case were varied by varying the
turbine~outlet-gas pressure.

Clearaence studies. - Runs were made at an lnlet-gas preassure
of 95 pounds per equare inch gage, temperatures from 500° to
1500° F, and pressure ratlos of 10, 15, and 20 at speeds of 8000
and 12,000 rym with indicators installed to measure the changes
in radlal nozzle setting and axlal nozzle-turbine clsarance with
operating conditions. The thermal changes in radial setiting and
axlial clearance were determined by operating the turbine at low
speeds with varying inlet-gas tempersture. In order to lndicate
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the change in vadial wheel dimensions with centrifugal force, the
turbine wes motored at speeds of 6000 to 18,000 rpm with sufflcient
cold alr allowed to enter the nozzle inlet to keep the wheels,
nozzle box, and turbine case at approximately room temperature so
that thermal effects would be eliminated.

Radisl setting of the nozzle ports for turbine-efficiency runs
with nozzles A, E, F, and G were made to conform to the recommenda-
tions of reference 1. Accordingly, & radial setting of 5.283 inches
from the turbine-shaft center line to the midpoint of the nozzle
port was used for each of these nozzles. Nozzle H, because of its
different port design and larger flow area, reguired experimenta-
tion to obtain the beat radlal setting for the final turbine-
efficiency runs. The proper value of 5.258 inches was obtained
by over-all turblne-efficlency runs over a range of redial settings
from 5.233 to 5.308 inchea from turbine-shaft center line to aver-
age midpoint of nozzle portsa.

The effect of axial clearance on turbine efficlency was inves-
tigated by varying the axial nozzle-wheel clearance for nozzle A
from 0.030 to 0.090 inch and determining the over-all turbine
efficiency for each axial-clearance setting.

Axiel nozzle-wheel clearances for turbine-efficlency runs
were set, on the basis of the clearance-indicator studies, to give
0.030-1inch clearance when the unit reached operating temperature.
Because the turbine blades are set back from the edge of the tur-
bine wheel 0.025 inch, the axlal clearance from nozzle to blade
was thus 0.055 Inch.

CALCULATIONS

The isentropic enthalpy drop avalilable for an expansion from
the turblne-inlet-gas total temperature and pressure to the outlet-
gas static pressure was computed from the alr tables of reference 2
and corrected for the effect of the fuel input.

The blade-jet speed ratic 1s the ratio of the blade velocity
at the pitch diameter of the first wheel to the ideal turbine-
nozzle Jet veloclty corresponding to an isentroplc expansion from
the inlet-gas total temperature and pressure to the turbine-ocutlet-

gas static pressure.

Pressure ratio is the ratio of the inlet-gas total pressure to
the outlet-gas statlic presaure.

-
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Brake efflciency is the ratic of the brake power calculated
from the torque and speed of the dynamometer shaft to the isen-
troplc power available; that 1s

brake efficiency = brake power
1sentroplec power availasble

The mechanical losses of the unit were determined by extra-
polating the windage-loss curves to zero alr density. The horse-

nowar ok zaro gir Rnna-‘i-v renrasenta the nowvsr regquired to drivs
A d s e Chrade ol H-LQD ok WUiF WEL EV"W‘- J.w\‘_u..l..i.wu. Wi Wk LY

the gears and overcome 'bea.r:Lng friction and i1s the mechanical loss
for the turbine and the cowbining gear. The mechanical-loss power
added to the brake power gives the power output of the turbine
wheels at the shaft; and

Thwrmalra s manthamdanT TAceaan
M OO EU.UL ‘r uuvm.l—va.l— LASDID TGO

isentropic power availilsgble

wheel efficlency =

The windage losses were obtained from the windage chart for the
nozzle arc of admission under consideration.

The power required to motor the unit with dlasks installed
instead of turbine wheels represents the totel power absorbed
through mechanical losses In the gears and the bhearings plus the
windage of the disks. These losses are presented in figure 6(a)
and table I. Curves :E‘or congtant disk speed have been extra-
pola:be_d._to zsro alr density to separste the mechanical losses
from the power losses due to the disk windage. The windage and
mechanical losses obtained by motoring the standard turbine
wheels. are presented in.Tigure 6(b) and teble IT. Slight dif-
ferences in mechanical losses in the units shown in figures 6(a)
and 6(b) can be ascribed to inherent differences in assembly and
to curve erbrapolation

'I'he windage loss for the full blade periphery was calculated
by subtracting the disk-windage loss determined from figure 6(a)
from the disk-and-blade-windage loss obtained from figure 6(b).
Blade-windege loss derived in this manner 1s considered the loss
of the turbine hlades with 0° nozzle-arc gas admission.

When 'bhe pine—porb tu.r'bine nozzles with 80° nozzle-arc gas
admission (nozzles A, E, G, and H) are used, 90° of the turbine-
blade periphery, or ocne-fourth of the tur'bine buckets, is active
end hence is not subject to windage loss. The windage losses
for the unit with these nozzles are compomed of. the total disk
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windage plus three-fourthas of the windage due to the turbine blades,
Accordingly, figure 7(a) was prepared from the total disk windage
plus three-fourthe of the additional windage loss dune to the tur-
bine blades. This chart can be used to find directly the windage
and mechanical logses of the unit with the nine-port nozzles Iif the
gas dengity in the turbine case 1s known.

Nozzle F has three ports wlth 30° nozzle-arc gas admission;
hence 30° of the turbine-bucket periphery, or one-twelfth of the
turbine bledes, 18 active and thus has no windege losses. Fig-
ure 7(b) was prepsred by using the total disk windege plus eleven-
twelfths of the additional windage loss due to the turbine bledes.

The windage-loss power added to the mechenlcal-loss power and
the brake power gives the work output at the turbine blades, and

blade efficiency = brake power + mechanical losses + windage
igentropic power avalleble

RESULTS

Turblne efficiency. - The individual performence of the tur-
bine at an inlet-gas pressure of 95 pounds per square 1inch gage
and tempersture of 1000° F and pressure ratios of 8 to 20 wish
nozzles A, E, F, G, and H are shown in figures 8 to 12 and
tables III to VII, respectively. All date shown in flgures 8
to 12 were taken with 0.030-inch axial nozzle-wheel rumning clear-
ance. The maximum brake efficiency of 0.53 was obtained with
nozzle H at a blade-jet apeed ratic of approximately 0.21 for a
pressure ratlo of 8 (fig. 12(a)). At the maximum brake-efficiency
point, the wheel efficiency (which credits the turbine with the
work necessary to drive the gears end beerings) was approxi-
mately 0.56. If the turbine is also credited with the work
neceasary to overcome windage losses, the efficlency was 0.58
at the foregoing conditions. Nozzle H also showed the highest
blade efficiency (0.64) of the nine-port nozzles at a blade-jet
speed ratio of 0.295 and pressure ratio of 8 (fig. 12(a)) although
the peek blade efficiency (which would be at a higher blade-jet
speed ratio) could not be determined because of the 18,000~rpm
speed limit of the turbine. The higher efficienciea of the tur-
bine with nozzle H is evidence of either (a) lower losses in the
nozzle, or (b) more favorable matching of turbine flow area with
the greater flow area of this nozzle. Nozzle H has, for example,
about 20 percent greater gas mass flow than nozzle A.

The difference in the general trends of the curves of
brake efficlency and blade efficiency can be aséribed to the

n7o
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approximately cublc Incresss of windage losses with speed. The
turbine is therefore heavily penalized by the use of partisl-
admission nozzles as shown by the three-port nozzle F (fig. 10),
for which brake efficlency drops off sharply wilth increased bhlade-
Jet speed ratio but blade efficiency incresases with increased
speed.

The reamed nozzles generelly showed lower efficiencies than
the cast nozzles. The addition of a shroud to provide d guide for
the nozzle Jets resulted in a marked decreese in efficiency
(£ig. 11), presumsbly because of increased shock and eddy losses. .

The effect of pressure ratio on brake efficlency with nozzle H
at an inlet-gas temperature of 1000° F is shown in figure 13(a).
The brake efficiency varies only slightly with pressure ratio with
this nozzle; over the range of pressure ratlos from 8 Lo 19, the
maximumm difference in efficiency was 0.0l. The effect of inlet-
gas tempereature on brake efficlency with nozzle A is shown in
figure 13(b). An increasse in inlet-ges temperature from 500° to
1000° F resulted in en efficiency decrease of 0.03 owing to the
increased heat loss from the unit.

Clearsnces. - The results of clearance-indlcator studies of
the changes in radlel setting and axial clearance between the
turbine nozzle and the turbine wheel with chenged operating con-
ditions are shown in figure 14 and table VIII. Although the tem-
peratures in the turbine cese are affected by turbine speed and
pressure ratlo as well as the inlet-gas temperabure, the changes
in setting and clearance were plotted sgainst inlet-gas tempera-
ture (which does not reflect those variables) becsuse an average
clearance-change vaelue was desired for the turbine operating over
a wide range of apeed snd pressure-ratlio conditions for a glven
inlet-gas temperature. The data plotted in this menner yield a
range through which the clearance may very with a given inlet-
gas temperature,

From this chart, a correction of the clearance settlng of
the turbine may be made before operation to obtaln the desired
value of running clsarance vwhen the parts reach operating tempera-
ture. The meximum change In radlal setting over the range of
inlet~-gas temperatures was a decrease of 0.013 inch. The dif-
ference between the left snd right radial indlcators is evidence
of a slight tllting of the nozzle. Axial changes Iin clearance
were slightly more pronounced, the meximum decrease belng eboutb
0.017 inch. " A redial-setting decresse of about 0.005 inch end an
axial-clearance decrease of sbout 0.015 inch were chosen as safe
allowances for changes in clearance over a renge of inlet-gas
temperatures from room temperature to 1500° F.
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The results of motoring runs to determine the expansion of the
turbine wheels due to centrifugal force are given in table IX.
Although the runs were mede wlth room temperature in the nozzle
casing, rough calculations indicate that turblne operating tem-
peratures would have only & small effect on radial expansion due
to centrifugasl force for this turbine. At a turbine speed of about
18,000 rm with room temperature, the radial expansion was fou.nd
to be 0.0045 inch.

The varlation of brake efficiency with radial asetting of
nozzle H is shown in figure 15(a). As the radial setting of the
nozzle was varied from 5.308 to 5.33%5 inches, the turbine effi-
clency increased slightly to a maximum value at a radial setting
of 5.258 inches then, with a further decrease in setting, dropped

gharply.

The variation of breke efficiency with axial nozzls-wheel
clearance of nozzles A and E im shown in Pigure 15(b). The brake
officlency of nogzle A improved as the running clearancs wasg
decreased from 0.090 to 0.030 inch; at 0.030-Inch axial nozzle-
wheel c¢learance, the turbine is less efficient with nozzle E than
with nozzle A. At a running clearance of 0.090 inch, however,
the turbine efficiency with nozzle E 1s slightly improved over
that with nozgle A, which indicabtes that adeguate clearance space
must be provided for free gas-jet expansion with a néondivergent
nozzle for greatest turbine efficiency.

As a result of the clearance-indicator studies, the axial
nogzle-wheel clearance and the radial setting were positioned at
0.015 and 0.005 inch, reagpectively, more than the rumning clear-
ances desired during turbine operation.

SUMMARY OF RESULTS

The mechanical and windage losses of a Mark 25 aerial-torpedo
power plant were determined and the efficiency of the turbine,
baged on these loss determinaticns, was investigated for five
turbine nozzles. C(learances were alsc studied. The following
results were obtained:

1. The turbine was found to be most efficient with a cast,
sharp-edged-inlet, nine-port nozzle with 90° nozzle-arc gas
admission.

2. The maximum brake efflciency of the turbine with the cast,
sharp-edged-inlet nozzle at an inlet pressure of 25 pounds per

e
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square inch gage, sn inlet-gas temperature of 1000° F, a pressure
ratio of 8, and a blade-Jet speed ratio of 0.21, was 0.55. If the
turbine is credited with the work necessary to drive the gears and
the bearings, the efficiency at the foregoing conditions was 0.56.
If the turbine ls also credited with the work necessary to over-
come windege losses, the efficiency was 0.58.

5. Windage and mechanical -loss charts that have been prepared
gave the operating loss in horsepower for verious turbine-casing
Pressures, speeds, and nozzle arcs of 30° end 90°.

4. The variatlon of radiel nozzle setting and axial nozzle-
wheel clearance with fturbine-inlet-gas temperature was small. A
radial ~-gettling decrease of about 0.005 inch and an axial-¢learance
decrease of about 0.01l5 inch were chosen as safe allowances for
changes 1in clearance over a range of inlet-gas temperatures from
room temperature to 1500° F.

Flight Propulsion Resaearch Laboratory,
National Advisory Commlittee for Asromautics,
Cleveland, ‘Ohio.
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TABLE T - SUMMARY OF DATA FOR WINDAGE AND MECHANICATL LOSSES,

FOR MARK 25 TURBINE DISKS

Turbine | Horsepower | Air tem- Pressure in
speed to drive perature turbine case
(rpm) | turbine in tur~ (in. Hg abs.)
bine case
(°r)
6,069 0.80 134 29.36
.80 124 24.36
.76 129 19.36
.74 132 14.36
.70 135 9.36
8,092 1.33 158 29.36
1.28 159 24.36
1.20 165 19.36
1.15 i64 14.36
1.08 163 9.36
10,115 2.13 187 29.38
< 2.07 183 24.39
1.97 196 19.38
1.87 194 14.40
1.77 187 9.36
12,138 2.96 239 29.38
2.68 245 24.40
2.60 247 192.36
2.48 241 14.37
2.36 214 9.41
14,161 4.01 265 22.36
3.64 275 24 .42
3.41 286 19.36
3.27 270 14 .44
3.08 229 9.99
16,184 5.17 304 29.386
4.69 341 24 .44
4.37 343 19.43
4.05 330 14 .46
3.89 281 10.81
18,207 6.48 379 29.36
5.82 392 24.38
5.46 389 19.40
5.04 356 14.42
4.68 315 10.42

13
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II - SUMMARY OF DATA FOR WINDAGE AND MECHANICAL LOSSES

FOR MARK 25 TURBINE DISKS AND BLADES

Turbine |Borsepower |Air tem- | Pressure in
speed to drive perature turblne case
(rom) |turbine in tur- (in. Hg abs.)
bine case
(°r)

6,069 1.34 182 29.30

1.26 243 25.31

1.20 206 18.73

1.08 183 14.32

.94 147 3.66

8,092 2.32 230 29,32

2.21 237 25.45

1.97 224 19.35

1.83 197 14.71

1.63 179 2.58

10,115 3.66 306 29.36

3.33 297 24.11

2,93 304 19.1¢9

2.70 299 15.26

2.33 281 9.76

12,138 5.55 369 29.42

5.00 351 23.79

4.44 369 20.15

3.84 564 15.56

3.20 339 9.69

14,181 7.67 461 29.48

6.95 461 24 .90

5.83 462 18,58

4.90 443 13,70

4.11 416 9.41

16,184 10.46 558 29.54

9.85 483 23.60

8.21 498 18.86 -

6.99 481 14.02

6.03 485 10.58

18,207 15.83 647 29.63

11.70 459 15.28

9.72 432 11.20

8.10 383 7.99

~rt

nra
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TABLE IIT - SUMMARY OF FEFFICIENCY DATA FOR MARK 25 TURBINE
WITH ROZZLE A

[Inlet-gas temperature, 1000° F; inlet-gas pressure,
95 1b/eq in. g2gd)]

Pres-| Alr massiFuel-air|Horsepower|Turbine|Brake [Blade-|Gas den-
sure |flow ratio available [speed [horge-|jet gity in
ratio| (1b/hr) fram isen-| (rmm) |power |speed |turbine
tropic retio jcase
|expansion (1b/cn £%)

8 855.2 0.0135 61.09 6,089 j20.97 (0.0987| 0G.0354
255.9 .0135 6l.14 - 8,072 [24.63 .1308] ..0358

955.9 .0135 61.14 10,125 (27.18 .1641 .0362

955.9 .0135 61.14 12,158 (28.29 1870 .0369

956.6 .0138 61.18 14,161 |28.23 .2295 L0370

955.9 0135 61.14 16,164 127.11 .2620 .0369

856.6 .0135 61.18 18,207 |23.94 . 2951 .0367

10 960.3 0.0;35 66.20 6,089 |23.56 |0,0948] 0.0294
960.3 .0135 66.20 8,122 |27.97 .1268 0301

g58.2 0135 66.06 10,115 |30.67 .1580 .0302

959.3 L0135 66.12 12,138 [32.12 .1895 0304

g58.2 .0135 86.06 14,161 [32.11 .2211 0304
958.2 .0135 86.06 18,184 |31.06 .2529 .0305

I 988.2 .0135 88.06 18,227 [28.41 .2846 L0303

15 } g58.2 0.0135 73.98 6,069 125.06 [0.0886) 0.0210
988.2 L0155 73.98 8,092 [30.00 1195 .0210

958.2 L0135 73.98 . 110,125 |33.57 .1495 0213
960.1 .0135 74£.13 12,138 [35.80 1792 .0209

958.2 0135 73.98 14,161 |36.40 .2091} .0211

958.2 .0135 73.98 16,194 {35.70 .28391 .0215

958.2 .0135 73.98 18,187 (33.98 .2685 .0220

20 958.2 0.0135 79.10 6,059 |25.42 | 0.0870) 0.0187
959.3 .0135 79.18 8,092 ;30.85 L1162 .0169

258.3 .0135 79.18 10,125 | 34.87 .1454 0167

958.2 .0135 72.10 12,148 [37.43 .1745 .0l6s

958.2 .0135 79.10 14,151 |38.47 .2032 .0165

958.2 .0135 79.10 16,214 |37.94 .2328 .0169

988.2 |. .0135 79.10 18,187 [ 36.14 .2612 0175
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TABLE IV - SUMMARY OF EFFICIENCY DATA FOR MARK 25 TURBINE
WITH NOZZIE E
[Inlet-gas temperature, 1000° F; inlet-gas pressure,
, 95 1b/sq in. gage]
Pres-|Alr mass|Fuel-alr| Horsepower| Turbine| Brake | Blads-|Gas den-
sure |flow ratio avallable |speed. | horse- jet gity in
ratic|(1b/hr) fram isen-| (rpm) | power | speed [turbine
tropic ratio |case
expansion (1b/cu £t)
8 976.5 0.0138 62.49 6,099 120.96 | 0.0988 0.0338
977.6 .0138 62.56 8,112 [24.01 L1315 .0345
977.6 .0138 62.56 10,125 | 25.53 .1641 .0348
976.5 .0138 62.49 12,148 [ 25.66 . 1968 .0358
976.5 .0138 62.49 14,3141 |27.77 .2292 .0360
977.6 .0138 62.56 16,164 |26.26 . 2620 .0360
976.5 .0138 62.49 18,207 |23.52 [ .2951 .0357
10 977.6 0.0138 67 .42 6,079 [23.00 | 0.0949 0.0280
978.6 .0138 67.48 8,112 |27.24 .1a67 .0282
977.6 .0138 67.42 10,105 |29.94 .1578 .0282
977.6 .0138 67 .42 12,138 |31.04 . 1895 .0287
977.6 .0138 67.42 14,151 |30.87 .2210 0291
977.6 .0138 67.42 16,204 |29.69 .2530 .0281
977.6 .0Ll38 67.42 18,197 |27.52 .2842 .0280
15 977.4 0.0138 75.50 6,079 |24.22 | 0.0897 0.0199
976.3 .01l38 75.41 . 8,132 [29.08 .1200 .0202
977 .4 .0138 75.50 10,125 |32.20 .1495 .0202
976.3 .0138 75.41 12,168 [33.60 .1796 .0201
974.6 .0138 75.27 14,181 [34.02 .20393 .0201
a76.3 .0138 75.41 186,194 {35.01 .2391 .02085
974 .7 .0138 75.28 18,227 [33.16 .2691 .0207
20 975.6 0.0138 80.56 6,059 |25.58 |0.0865] 0.0162
975.6 .0138 80.56 8,102 |31.16 .1157 .0163
975.6 .0138 80.56 10,115 |34.97 .1445 .0165
276.5 .0138 80.63 12,128 |37.49 1732 .01l61
976.5 .0138 80.63 14,171 138.43 .2024 .0163
976.5 .0138 80.63 16,204 137.91 2314 0163
976.5 .0138 80.63 18,217 |36.62 .2601 .0le8

o
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TABLE V - SUMMARY OF EFFICIENCY DATA FOR MARK 25 TURBINE
WITH NOZZLE F
[Inlet—gas temperature, 1000° F; inlet-gas pressure,
95 1b/sq in. gags]
Pres-jAir mass|Fuel-alr |Horsepower| Turbine|Brake |Blade-|Gas den-
sure |[flow ratio avallghle |speed |horse-|Jjet aity in
ratiol| (1b/hr) from isen~-| (rmm} |power |speed [turbine
tropic ratio |case :
expansion (1b/cu £t);
8 247.3 G.0208 15.9¢ 6,059 6.29 10.0982 0.0354
247.3 .0208 15.9¢9 8,112 6.74 .1315 .0358
247.3 .0z208 15.99 10,125 6.54 1641 .0355
247.3 0212 16.00 12,148 5.24 1968 .0356
247.3 .0212 16.00 14,141 3.63 | .2292 .0348
247.1 .0el2 15.98 16,184 1.76 .2823 .0338
247.3 0212 16.00 18,217 -.48 .2952 0324
10 246.6 0.0213 17.20 6,069 6.54 10.0948 0.0292
246.6 0213 17.20 8,10z 7.34 .1265 .0z88
246.6 0213 17.20 10,115 7.40 .1580 .0284
246.6 .0213 17.20 12,138 6.48 .18985 .0278
248.6 L0813 17.20 14,171 5.09 .2213 .0275
246 .4 .0213 17.18 16,194 3.36 .2529 .0273
246.6 0213 17.20 18,207 1.20 .2843 .02686
15 247.9 0.0212 139.37 6,079 6.51 |0.0897 0.0209
247.9 .0212 18.37 8,082 T.48 .1193 .0206
247.9 . -0212 19.37 10,115 7.83 L1493 .0205
248.1 0212 19.38 12,138 7.76 .1792 .0204
248.1 0212 19.38 14,161 7.00 .2091 0203
248.1 0212 19.38 16,184 5.49 .2389 .0201
248.1 . 0212 19.38 18,197 3.60 .2686 .0202
20 248.1 0.0212 20.73 6,089 6.32 |0.0870.] 0.0le64
248.1 .0212 20.73 8,112 7.51 .1158 .0158
248.1 0212 20.73 10,115 8.37 <1444 .0153
248.1 0212 20.73 12,128 8.51 1732 0153
248.3 .0211 20.75 14,161 7.89 .2022 .0153
248.1 0212 20.73 16,184 6.93 2311 0154
248.3 0211 20.75 18,207 5.40 .2800 .0154
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TABLE VI -‘SUMMARY OF EFFICIENCY DATA FOR MARK 25 TURBINE
NOZZLE G

|Inlet-gas temperature, 1000° F; inlet-gas pressurs,
95 1b/sq in. gage)

Pres-|Air mesgs{Fuel-alr|Horsepowey| Turbine|Brake |Blade- |Gas den-
sure |flow ratio availeble |speed horge-| Jet gity in
ratio| (1b/hr) from isen-| (rmm) |power |speed [turbine
tropic ratio |[case
expansion (1b/cu £t)

8 977.6 0.0138 62.56 6,039 |20.50 |0.0979 0.0334
976.2 .0138 62.47 8,122 |23.82 .13186 .0334

977.6 .0138 62.56 10,115 |25.60 .1639 .0332

977.6 .0138 " 62.56 12,138 [26.08 .1967 .0340

977.6 .0138 62.56 14,191 |25.30 .2300 L0341

977.6 .0138 62.56 16;204 [23.50 .2626 .0342

977.6 L1138 82.56 18,227 {20.42 .2954 .0340

10 877.6 | 0.0138 67.42 6,069 {22.50 [0.0948| 0.0275
976.9 .01l38 67.37 8,122 {26.63 .1268 .02686

976.9 .0138 67.37 10,115 |28.867 . 1580 .0266

976.9 .0138 67.37 12,128 129.38 .1894 0273

976.7 .0138 67.36 14,151 |28.73 .2210 0274

976.0 .0138 67.31 16,194 |26.95 .2529 .0276

977.86 .0138 67.42 18,217 |24.25 .2845 0275

15 976.5 0.0138 75.43 6,069 |23.84 ]0.0896 | 0.0191
976.5 .0138 75.43 8,112 [z8.82 | .1197 .0189

978.1 .0138 75.55 10,125 131.83 1495 .0189

977.2 .0138 75.48 12,138 |33.2¢ .1792 .0191

976.5 .0138 75.43 14,171 |32.88 .2092 .0193

877.2 .0138 75.48 16,174 |31.50 .2388 .0196

977.2 .0138 75.48 18,207 [29.34 .2688 .0199

20 976.5 0.0138 80.64 . 6,069 [24.90 |0.0867 | 0.0153
977.2 .0138 80,70 8,122 |30.06 .1160 0156

976.5 . 0138 80.64 10,125 |33.43 1446 0154

977.2 .0138 80.70 12,158 [35.26 1736 .0152

978.5 .0138 80.64 14,181 |35.61 .2022 .0152

978.1 .0138 80.76 16,204 |34.02 | .2314 .0158

977.2 .0138 80.70 18,177 |{32.23 .2596 .0162

0zg
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TABLE VII - SUMMARY OF EFFICTENCY DATA FOR MARK 25 TURBINE
WITH NOZZLE E

[Inlet-gas tempsrature, 1000° F; inlet-gas pressure,
95 1b/sq in. gags)

Pres-~|{Air mass|Fuel-alr| Horsepower |Turbline|Brake |Blede- |Gas den-
gure |(flow ratio avallable |[speed |horse-~|jet sity in
ratio| (1b/hr) from isen-| (rmm) [power |speed (turbine
tropic ratio |case
expansion (1b/cu £4)
8 1143.7 | 0.0143 73.23 6,069 |28.24 (0.0984 | 0.0322
1143.7 .0143 73.23 8,072 |33.25 .1308 .0331
1143.7 .0143 73.23 10,054 |36.78 .1630 .0332
1143.7 L0143 73.23 12,189 |38.56 .1976 .0338
1143.7 .0143 73.23 14,161 [38.27 .2295 .0345
1143.7 .0143 73.23 16,164 [36.54 .2620 .0346
1143.7 .0143 73.23 18,187 |33.26 .2948 .0347
10 1152.0 | 0.0141 79.48 6,069 |29.62 {0.0248| 0.0257
1152.0 .0141 79.48 8,112 [35.50 .1287 .0285
1152.0 L0141 79.48 10,105 |39.49 .1578 .0273
1152.0 .0141 79.48 12,138 [431.00 .1895 .0278
1144.1 .0142. 78.94 14,171 [41.10 .2213 .0284
1144.1 .0142 78.94 16,164 [39.63 .2524 .0288
1152.0 .0141 79.48 18,187 (36.80 .2840 .0293
15 1144.1 | 0.0142 88.43 6,089 |31.02 [0.0899| 0.0198
1144.1 .0142 88.43 8,122 [37.87 .1199 .0197
1144.1 .0142 88.43 10,135 (42.35 .1496 .0201
1144.1 .0142 88.43 12,138 |45.16 .1792 .0200
1144.1 .0142 88.43 14,171 [46.84 .2092 .0204
1144.1 .0142 88.43 16,184 146.13 .238% .0214
1144.1 .0142 88.43 18,217 (43.28 .2689 .0224
19 1144.5 | 0.0142 93.51 6,099 |132.00 |0.08768 | 0.0177
1144.5 .0142 93.51 8,092 |38.72 .11e2 .0180
1144.5 .0142 93.51 10,125 [43.81 .1454 .0l82
1144.5 .0142 93.51 12,148 |47.00 |..1745 0184
1144 .5 L0142 93.51 14,171 |48.75 .2035 .0184
1144.5 .0l42 93.51 16,184 148.37 [ .2324 .0192
1144.5 0142 893.51 18,217 |46.35 .2616 .0197

“!ﬂgﬂ!”'
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TABLE VIII - SUMMARY OF CLEARANCE INDICATOR DATA FOR THERMATL
EXPANSION OF MARK 25 TURBINE
[Inlet-gas pressure, 95 1b/sq in. gags)

Pres~|Turbine| Inlet- |Outlet-geas Change iIn clearance
sure |speed |gas tem-|temperatur (in.)
ratio| . (rpm) | perature (°rF) Axial Radial
(°F) .Left | Right| Left | Right
gage | gage gege | gage
----- o} 73 88 0 0 0 0
10 | 6,069 502 281 -.0120} -.0130{ -.0040| -.0035
6,069 748 465 -.0130| -.0145| -.0050] -.0050
6,089 1003 662 -.0140| -.0160| -.0070| -.0065
6,069 1250 851 -.0140] -.0165| -.0075| -.0020
8,069 1485 1048 . -.0090| -.0090| -.0090|0
----- o} 70 80 0 0 0
15 | 6,089 495 261 -.0080( -.0070{ -.0030| -.0040
6,069 739 443 -.0150] -.0115( (&) |-.0040
6,069 993 620 -.0140| -.0130( (a) |[-.0035
6,069 1248 810 -.0140{ -.0100| (&) |0
6,069 1507 1004 -.0110} -.0075! (a) .0040
----- 0 68 75 0 o} 0
20 | 6,069 503 253 -.0080} -.0085| -.0050| -.0030
6,069 753 438 -.0105| -.0100| -.0080C| -.0035
6,069 1010 634 -.0120!-,0110| -.0100|-.0045
6,069 1251 817 -.0135/-.0095| -.0110{-.0020
6,069 1498 987 -.0120} -.0090! ~-.0130| .0030
----- o} 70 82 0 0 10
15 [12;138 489 190 -.0060} -.0080| -.0050|-.0035
12,138 753 374 -.0090|-.0110| -.0075|~.0045
12,138 998 542 -.0130}-.0135| -.0095]-.0055
12,138 1256 712 -.0150|-.0145]| -.0110|-.0020
12,138 1505 883 -,0130!~.0145| -.0090| .0010
----- 0 90 90 0 0 0 0
20 [12,138 497 205 . -.0050{ ~-.0070| -.0030}-.0025
12,138 750 370 -.0080{-.0085| -.0055-,0040
12,138 1012 524 -.0100(-.0110| -.0080(-.0050
12,138 1255 690 ~-.0125(-.0125| -.0090| (a)
12,138 1508 864 ~.0150| -.0115] ~-.0070{ (a)

®Indicator failed.
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TABLE IX ~ SUMMARY OF CLEARANCE-INDICATOR DATA FOR CENTRIFUGAT

EXPANSION OF MARK 25 TURBINE

EBoom temperature and pressuré]

Turbine Radlal expansion
speed Lef't Right
(rpm) gage gage
0 0 0
6,069 .0005 .0005
8,092 .0010 .0010
10,115 .0010 .0010
12,138 .0015 .0015
14,161 .0025 .0025
16,184 .0040 .0040
18,207 .0045 .0045
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Figure I. - Sketch of nozzle-and-turbine-wheel assembty for Mark 25 tor-
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{c) Cast nozzle H.

Flgure 2. - Concluded, Outlet face of various nozzles designed for turbine of Mark 25 torpedo power
plant.
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blade~jet speed ratlic for nozzle F at two pressure ratlos. Inlet-gas

pressure, 95 pounds per square inch gage; intet-gas temperature,
1000° F; axial nozzle-wheel running clearance, 0.030 inch.
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pressure, 95 pounds per square inch gage; inlet-gas temperature,
1000° F; axial nozzle-wheel running clearance, 0.030 inch.
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Figure |3, - Variation of turbine brake efficiency with pressure ratlo
and inlet-gas temperature at inlet-gas pressure of 95 pounds per
square inch gage.
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